Abstract True time delay lines and phase shifters are widely used in RF timed/phased array systems. Conventional delay lines and phase shifters often associate with reflection type circuits or distributed (periodically loaded) transmission lines. In this paper, we propose a new type of distributed circuit which composed of uniform transmission lines built on integrated Schottky active layer. A bi-functional chip is designed based on the new distributed structure. An Archimedean spiral topology is adopted to reduce the chip area. Theoretical analysis of the design method and circuit parameters is performed and a miniaturized prototype is implemented with p-HEMT technology to validate the design theory. Measurement results shows that this chip could work as either an areaefficient true-time delay line or a low-voltage phase shifter over the bandwidth 11-15 GHz. As an area-efficient true-time delay line, this chip provides 82.1 ps delay time per square millimeter when the biasing voltage fixed at −1.4 V. As a low-voltage phase shifter, this chip provides 26.43°p hase shift per volt when the biasing voltage sweeps form 0 V to −1.4 V.
Introduction
True-time delay lines (TTDL) and phase shifters are widely used in RF and microwave applications, especially in phased-array antennas and radars [1, 2, 3, 4, 5, 6, 7, 8] . A simple transmission line could work as a fixed time delay line. To achieve a large delay time on a compact chip size, several technics have been proposed. MEMS based [9, 10, 11, 12] and optical [13, 14, 15 ] TTDLs could offer favorable performance. However, they often need complicate process and are not compatible with standard IC technologies. Composite right/left-handed transmission lines (CRLTLs) [16, 17, 18, 19] , using tunable elements periodically loading a transmission line, can be fabricated with a standard IC technology, but suffers from a narrow bandwidth.
Periodically loaded CPW/CPS transmission lines are also adopted to design continuous phase shifters, which is often called distributed structures [20, 21, 22] . Other technics for continuous phase shifter designing include ferrite material based [23, 24, 25] , MEMS based [26, 27, 28, 29] and substrate integrated waveguide (SIW) based [30, 31, 32] circuits. These technics suffer from complicate processes, special materials or bulky size [25, 28, 30] . Furthermore, most existing phase shifter acquire tens of volts biasing voltage [20, 22, 27, 30] .
In this paper, we propose a new type of distributed circuit structure composed of transmission lines built an integrated Schottky active layer. A bi-functional chip is designed and fabricated based on the new distributed structure, which could work as either a true-time delay line or a phase shifter. Different from existing coplanar waveguide (CPW) or coplanar strip (CPS) based distributed circuit [20, 21, 22] , this design is based on micro-stripe line, which could effectively reduce the chip area and complexity. Furthermore, the fabricated chip shows ultralow a bias voltage comparing with other phase shifter works.
Analysis and design

Theoretical analysis
The proposed distributed structure consists of a transmission line built on an integrated Schottky active layer. Fig. 1(a) and Fig. 1(b) shows the detailed structure of the proposed circuit. [33] . When a biasing voltage is applied, the electro-conductivity of the active layer would change, resulting in a change of signal propagating features. The group delay and phase shift depend on the propagation constant:
where C represents the total equivalent capacitance to the ground. The transmission time and phase shift are given by:
When the controlling voltage changes, equivalent capacitance C changes, resulting in a tunable delay time and phase shift:
L and C also define the characteristic impedance of the transmission line by the equation:
Circuit parameter simulation
The circuit parameters are designed for optimal Z 0 and tunable phase range. In our design, the thickness of dielectric is determined by the fabricating technology. Therefore, the top metal width is the key design parameter. The relation between Z 0 and top metal width under various biasing voltage are simulated and plotted in Fig. 2(a) , which indicates that Z 0 is mainly influenced by the top metal width rather than the biasing voltage. Fig. 2(b) shows the phase shift under different top metal width and controlling voltage at 13 GHz, which reveals that top metal width has little influence on the tunable range of phase.
Circuit design procedure
Most IC technologies acquires anode layer being enclosed by metal layer. Balancing this limit and circuit performance, the width of the anode is designed equal to the width of the top metal.
In a standard IC technology, the Schottky layer is often right beneath the first metal layer, usually called metal-1. For a multilayered metal technology, there are several dielectric layers between neighboring metal layers. To fabricate the new distributed circuit, eliminate all the metal layers except the top one of them. The dielectric layers could constitute the substrate of the tunable delay line and the top metal could work as the metal layer of it.
Manufacturing
A miniaturized prototype is implemented with p-HEMT technology, which has two metal layers. The first metal layer is eliminated and the dielectric embedded between these two metal layers works as the substrate layer. The thickness of the dielectric layer is fixed at 1.6 µm, and the minimum width of the metal layers is 7 µm. Fig. 3 shows the cross section of the fabricated circuit.
As shown in Fig. 2(a) , for 50 Ω Z 0 , the top metal width is less than 5 µm, which is smaller than minimum metal width. Accordingly, the minimum metal width 7 µm is adopted hence the characteristic impedance is about 37.5 Ω. Although, because the limit of the adopted technology, the thickness of the substrate is much smaller than common MMIC circuits, the transmission features are proved acceptable by EM simulations. 
Measurement
Insertion loss and return loss
The fabricated chip is packaged for measurements utilizing an Agilent network analyzer N5245A. The effect of the packaging is de-embedded from the measured results. The DC bias consume zero current, therefore the circuit is a passive component.
The measured insertion loss and return loss are plotted in Fig. 5 and Fig. 6 . The ideal matching frequency drifts 1 GHz higher than the simulation result. Both the insertion loss and the return loss deteriorate when the frequency get lower. At the center frequency 13 GHz, the measured insertion loss is À8 AE 2 dB, and the return loss is −8.7 dB. Fig. 7 shows the group delay under different biasing voltage over 11-15 GHz. There are two main reasons that caused the differences between simulated and measured results. Firstly, the limited top metal width acquires a taper component, which has a certain bandwidth, applied to connect the input/output pads. Secondly, between the input/output pads and the spiral, the border of the active layer brings two discontinuous points (shown in Fig. 4 ), which formed a series structure of transmission lines with different Z 0 that causes the variation of group delay over the target frequency range.
Area-efficient passive true-time delay line
The average delay time is 300 ps with a tunable range of 8% when the control voltage varies from 0 V to 1. Table I . 
Conclusion
This paper presents a new distributed Schottky structure. A bi-functional circuit, which could work as either a true time delay line or a phase shifter, is designed and fabricated based on this new structure. As a true time delay line, this circuit shows a large delay time per area of 82.1 ps/mm 2 . As a phase shifter, this circuit has an ultra-low biasing voltage, which leads to a large phase shift per bias voltage of 26.43 deg/V. The design parameters of the circuit are not ideal for the limits of the fabricating technology. To achieve better insertion and return loss performance, a technology with thicker dielectrics or larger relative dielectric constant is preferred. 
